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a  b  s  t  r  a  c  t
Grassland  is  one  of  the  widespread  biome  types  globally,  and plays  an important  role  in the  terrestrial  car-
bon  cycle.  We  examined  net  ecosystem  production  (NEP)  for the  temperate  grasslands  in northern  China
from  2000  to 2010.  We  combined  flux  observations,  satellite  data,  and  climate  data to develop  a piece-
wise  regression  model  for NEP,  and  then  used  the model  to map  NEP  for grasslands  in northern  China.
Over  the growing  season,  the  northern  China’s  grassland  had a net  carbon  uptake  of  158 ±  25  g C  m−2
during  2000–2010  with  the  mean  regional  NEP  estimate  of  126  Tg C. Our results  showed  generally  higher
grassland  NEP at high  latitudes  (northeast)  than  at low  latitudes  (central  and  west)  because  of  different
grassland  types  and  environmental  conditions.  In the  northeast,  which  is dominated  by  meadow  steppes,
the  growing  season  NEP  generally  reached  200–300  g C  m−2. In the  southwest  corner  of the  region,  which
is  partially  occupied  by alpine  meadow  systems,  the  growing  season  NEP  also  reached  200–300  g C  m−2. In
the central  part,  which  is  dominated  by  typical steppe  systems,  the  growing  season  NEP  generally  varied
in the  range  of  100–200  g C m−2. The  NEP  of  the  northern  China’s  grasslands  was  highly variable  through
years,  ranging  from  129  (2001)  to 217  g C  m−2 growing  season−1 (2010).  The  large  interannual  variations
of NEP  could  be  attributed  to  the  sensitivity  of  temperate  grasslands  to climate  changes  and  extreme  cli-
matic  events.  The  droughts  in  2000,  2001,  and  2006  reduced  the  carbon  uptake  over the  growing  season
by  11%,  29%, and 16% relative  to the long-term  (2000–2010)  mean.  Over  the  study  period  (2000–2010),
precipitation  was  significantly  correlated  with  NEP  for the  growing  season  (R2 = 0.35,  p-value  < 0.1),  indi-
cating  that  water  availability  is an  important  stressor  for  the  productivity  of  the  temperate  grasslands  in
semi-arid  and  arid  regions  in  northern  China.  We  conclude  that northern  temperate  grasslands  have the
potential  to sequester  carbon,  but the  capacity  of  carbon  sequestration  depends  on  grassland  types  and
environmental  conditions.  Extreme  climate  events  like drought  can  significantly  reduce  the  net carbon
uptake  of  grasslands.
© 2013 Elsevier B.V. All rights reserved.
∗ Corresponding author at: Key Laboratory of Digital Earth Science, Institute of
Remote Sensing and Digital Earth, Chinese Academy of Sciences, Beijing 100094,
China. Tel.: +86 1082178099.
E-mail address: lizhang@ceode.ac.cn (L. Zhang).
1. Introduction
Grasslands are one of the most widespread vegetation types
comprising about 40% of the Earth’s terrestrial land area, excluding
areas of permanent ice cover (World Resources Institute, 2000).
Grassland ecosystems play an important role in the global carbon
0168-1923/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.agrformet.2013.09.004
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cycle (Adams et al., 1990; Parton et al., 1995) and in livestock
development (Reynolds et al., 2005). It was reported that grass-
lands (including tundra) store one fifth of the global total carbon
(485 Pg C) in both vegetation and soil (Adams et al., 1990). Many
studies have suggested that grassland ecosystems function as
potential carbon sinks or are near equilibrium with respect to
carbon exchange (Scurlock and Hall, 1998; Frank and Dugas, 2001;
Sims and Bradford, 2001; Suyker et al., 2003; Janssens et al., 2003;
Xu and Baldocchi, 2004; Gilmanov et al., 2006; Svejcar et al., 2008).
For example, a southern Great Plains mixed-grass prairie has been
identified as a carbon sink (Sims and Bradford, 2001); however,
a native tallgrass prairie in Texas (Dugas et al., 1999), non-grazed
mixed-grass prairie in North Dakota (Frank and Dugas, 2001), and
tallgrass in Oklahoma (Suyker et al., 2003) were found to be near
equilibrium in terms of carbon. Although these studies suggested
that grasslands might be carbon sinks or near equilibrium, alter-
nation between acting as a carbon sink or source frequently occurs
(Novick et al., 2004; Gilmanov et al., 2007). For example, a switch
from sink to source was observed in a pasture in the southern
Great Plains (Meyers, 2001), in a Canadian temperate mixed prairie
during drought (Flanagan et al., 2002), and in a warm temperate
grassland in southeastern U.S. after harvesting (Novick et al., 2004).
Soil water stress was found to be the main factor regulating
the annual net ecosystem production (NEP) in the northern tem-
perate grasslands (Flanagan et al., 2002; Suyker et al., 2003; Hunt
et al., 2004; Fu et al., 2006). Therefore, extreme events, such as
droughts, can significantly influence interannual variation in ter-
restrial carbon sequestration in grassland ecosystems, and even
switch ecosystems from a carbon sink in a normal year to a carbon
source in a drought year (Kim et al., 1992; Meyers, 2001; Gilmanov
et al., 2007; Granier et al., 2007; Nagy et al., 2007; Pereira et al.,
2007; Aires et al., 2008; Arnone et al., 2008; Kwon et al., 2008; Zhang
et al., 2011). Identifying the effects of climate change and extreme
events on grassland carbon dynamics is critical for predicting the
response of grassland production to future climate change (Parton
et al., 1995). However, large uncertainties exist with respect to the
role of grasslands in the global carbon budget and their response
to climate change under various climatic scenarios and manage-
ment regimes (Jones and Donnelly, 2004; Verburg et al., 2004; Piao
et al., 2007). For example, Scurlock and Hall (1998) suggested that
carbon storage in tropical grasslands and savannas may  have been
underestimated, and Fu et al. (2006) and Ma  et al. (2010) showed
that different grassland ecosystems might respond differently to
climate change in the future.
China’s grasslands make up ∼10% of total world grassland
area and they have been estimated to store 9–16% (Ni, 2002) or
4.4–11.9% (Fan et al., 2008) of the total world grassland carbon. The
extensive grasslands in China provide an opportunity to enhance
terrestrial carbon sinks, which could have significant effects on car-
bon cycles both globally and in arid lands (Ni, 2002). Grasslands
are the dominant ecosystem type in China and account for 40%
of the national land area (Kang et al., 2007; Xu et al., 2008). The
grasslands in northern China account for about 78% of the grass-
lands in China (Sun, 2005), and are an important component of
the Eurasian temperate steppes (Bai et al., 2008). The temperate
grasslands of northern China are located in the arid and semi-arid
climate zones (Bai et al., 2008) and are strongly influenced by the
East Asian monsoon. Grasslands in arid and semi-arid regions are
ecologically fragile and sensitive to climate change and human dis-
turbances (Gao and Reynolds, 2003; Li et al., 2005), especially to
changes in precipitation (Sala et al., 1988; Knapp and Smith, 2001;
Ma et al., 2007; Guo et al., 2012).
It is predicted that heat waves and droughts will become more
frequent in the 21st century (IPCC, 2007). Moreover, climate change
is predicted to cause variations and trends in extreme weather
events such as extreme precipitation that will not only affect annual
precipitation but will also be manifested in seasonal variations
(Easterling et al., 2000). Precipitation and droughts are usually
limiting factors in controlling primary production in the arid and
semi-arid grassland ecosystems (Kang et al., 2007). The northern
China steppe frequently suffers from drought and water stress (Fu
et al., 2006). The precipitation in arid and semi-arid regions is
highly variable both temporally and spatially. Fluctuations in veg-
etation production have been found to be closely associated with
interannual and intra-annual variations in precipitation in arid and
semi-arid ecosystems (Bai et al., 2004; Niu et al., 2008; Shen et al.,
2008; Du et al., 2012), and widespread and persistent droughts
have caused a general decrease in vegetation productivity in the
grassland systems of northern China (Xiao et al., 2009).
Previous studies have presented carbon storage estimates for
grasslands of China at a national level using global databases and
statistical data, field surveys or investigations, and satellite-based
statistical models (Ni, 2001, 2002, 2004; Piao et al., 2007; Fan et al.,
2008). However, our knowledge of carbon dynamics and their feed-
backs to climate change in the grasslands of northern China remains
limited, owing, in part, to a lack of in situ measurements and the
spatial heterogeneity in grassland biomass (Ma  et al., 2010). There-
fore, studies of the impact of climatic conditions on productivity
in this area are of significance to understanding both the carbon
cycling processes of the grassland ecosystems and the role of grass-
lands in the national and global carbon budgets.
The NEP is a useful indicator for ecosystem carbon budgets;
it represents the net exchange of carbon between terrestrial
ecosystems and the atmosphere and is determined by both photo-
synthetic processes and autotrophic and heterotrophic respiration.
The growing network of eddy covariance flux towers provides
a synoptic record of the exchange of carbon, water, and energy
between the ecosystem and the atmosphere (Baldocchi et al., 2001).
These tower sites provide valuable measurements for ecosystem
carbon and water exchange worldwide (Yu et al., 2006; Law,
2007). Recently, data-driven upscaling models that integrate flux
tower data and remotely sensed environmental variables have been
developed for estimating and quantifying terrestrial CO2 exchange
on multiple spatiotemporal scales (Turner et al., 2003; Yang et al.,
2007; Wylie et al., 2007; Xiao et al., 2008; Sims et al., 2008; Jung
et al., 2009; Zhang et al., 2007, 2010, 2011). Their results showed
that the upscaling method is effective for providing highly accu-
rate spatial estimates of vegetation productivity. However, there
have been relatively few studies focusing on temperate grassland
ecosystems in the northern hemisphere at the regional scale (Wylie
et al., 2006; Zhang et al., 2011).
In this study, we  used a piecewise regression tree approach
(PWR) driven by the long-term satellite and meteorology datasets
to upscale eddy flux NEP to the entire grasslands of northern China.
The objectives of our study were to: (1) develop a rule-based
piecewise regression model to map  NEP with Moderate Resolution
Imaging Spectroradiometer (MODIS) data and flux tower measure-
ments; (2) map  NEP for grasslands in northern China for the period
2000–2010; and (3) quantify the interannual variability of NEP from
2000 to 2010. Our study will provide a better understanding of the
magnitude of carbon fluxes and the mutual feedback of terrestrial
ecosystems over northern temperate grasslands.
2. Materials and methods
2.1. Study area and flux tower data
This study was  conducted in the temperate grasslands of north-
ern China across three provinces: Inner Mongolia, Gansu, and
Ningxia (Fig. 1). The study region is characterized by arid and
semi-arid conditions and is strongly influenced by the East Asian
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Fig. 1. Land-cover types and the grassland flux towers in northern China. The land-cover data was simplified from the 500-m MODIS data (MCD12Q1).
monsoon, where the rainfall season and the highest temperatures
occur in summer (June–August). The mean annual temperature
ranges from −3 ◦C to 9 ◦C and is higher in the more arid western part
than in the eastern part (Hu et al., 2007). The annual precipitation
varies from about 450 mm in the northeast to 350 mm in the center
and to 150 mm in the southwest (Sun, 2005). Following the east-to-
west precipitation gradient, the temperate grasslands in northern
China change longitudinally from meadow steppes in the northeast,
through typical steppes in the middle, and to desert steppes in the
dry southwest (Sun, 2005). The growing season usually starts in
May  and ends in late September with the maximum aboveground
biomass occurring in July and August (Kato et al., 2004; Chen et al.,
2009a). These grasslands serve as important resources for livestock
production (Kang et al., 2007) and are significant contributors to
global carbon balance because of the relatively high soil carbon
stocks in the arid and semi-arid region (Feng et al., 2001).
We  complied data from twelve grassland flux tower sites
(Fig. 1 and Table 1), six of which (ID 1–6 in Table 1) are part of
the Coordinated Observation and Synthesis in Arid and Semi-arid
China (COSAS). These sites are evenly distributed throughout the
northern China’s grasslands, representing a wide range of spatial,
ecological, and climatic conditions in the region. Data has been
collected over these sites for seven years. For the eddy covariance
sites from the COSAS in the arid and semi-arid areas of China, a
linear interpolation method was applied to fill small gaps (less
than two hours) of missing or bad data and larger gaps were filled
with values derived from mean diurnal ensemble values (Wang
et al., 2010). More details on data treatments can be found in Liu
et al. (2008) and Wang et al. (2010). The other six sites (ID 7–12
in Table 1) include steppe and meadow sites and their vegetation
greenness varied among sites. For examples, the leaf area index
(LAI) during growing season (May–September) for sites Xi1 (typical
fenced steppe), Xi2 (degraded steppe), and Du2 (typical steppe)
were 0.26, 0.25, 0.47, respectively, (Chen et al., 2009b). The annual
maximum LAI was around 1.0 during 2004 and 2006 for site Xfs
(short grass steppe) (Wang et al., 2008). For the alpine meadow
HaM site, the annual maximum LAI was 3.1 in August, 2001 and
3.8 in July, 2002 (Kato et al., 2004). More detailed ecological and
climate information can be found in Chen et al. (2009a,b) for sites
of Xi1, Xi2, Du2, and Ku2, in Wang et al. (2008) and Wang and Zhou
(2012) for site Xfs, and in Kato et al. (2004, 2006) for site HaM.
In our study, the half-hourly NEP data provided by flux-tower
measurements were integrated to the daily time scale, and then
averaged over each 8-day period to match the 8-day compos-
ite of the MODIS normalized difference vegetation index (NDVI)
data. We adopted ecological sign convention assuming that pos-
itive NEP values describe uptake of carbon from the atmosphere
to the ecosystem. We  used 8-day NEP series from 12 tower sites
as the dependent variable in a piecewise regression model with
independent variables including spatial NDVI and weather param-
eters. We  included two  sites (Arou and HaM) in the western edge of
our study area in our piecewise regression model to constrain the
Table 1
Description of the grassland flux towers in northern China.
ID Site name Location (◦N, ◦E) Site years Elevation (m) Precipitation (mm/yr)
1 Arou 38.04, 100.46 2008–2009 3033 396
2  Yuzhong 35.95, 104.13 2008–2009 1968 382
3  Xinglongshan 35.77, 104.05 2008–2009 2481 480–622
4  Qingyang 35.59, 107.54 2009 1298 561
5  Tongyu 44.57, 122.93 2008–2009 151 404
6  Dongsu 44.09, 113.57 2008–2009 990 287
7  Du2 42.04, 116.29 2006 1350 399
8  HaM 37.37, 101.18 2002–2004 3250 567
9  Xfs 44.13, 116.33 2004–2006 1030 290
10  Xi1 43.55, 116.68 2006 1250 360
11  Xi2 43.55, 116.67 2006 1250 360
12  Ku2 40.38, 108.55 2006 1160 300
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western side and provide additional model robustness. The 8-day
NEP data were used both to assess model accuracy and for model
development.
2.2. Model development
We  developed a rule-based piecewise regression model to esti-
mate the grassland NEP over northern China. The PWR  model
accounts for multivariate nonlinear relationship of the dependent
variable (NEP) and a set of predictors and allows the use of both
continuous and discrete variables as input variables. Model devel-
opment samples are recursively partitioned into homogeneous
subsets according to a gain ratio criterion, and the subsets are
characterized by a series of rules, where each rule defines a set
of conditions under which a multivariate least squares-type lin-
ear regression model is established (Zhang et al., 2010, 2011). The
accuracy of the constructed PWR  model was assessed with average
error, relative error, and product–moment correlation coefficient
that were also used to identify the most important predictive vari-
ables for estimating NEP (Zhang et al., 2010).
In this study, the PWR  model was applied to derive the empirical
relationship between the independent variables and the tower-
based NEP at the 12 flux towers over multiple years at 8-day
intervals. We  first developed several models with different input
variables and model parameters. The flux tower NEP data was  used
for model training and validation, and the remotely sensed and cli-
matic data sets were used as explanatory or predictive variables. A
preliminary analysis of the frequency of use and relevance in the
PWR models decided the most important predictive variable in the
final PWR  model. The final PWR  model was selected as having the
highest accuracy and lowest number of input variables. Eight inde-
pendent spatial variables (see Section 2.3) were selected to train
the final model for mapping NEP over the northern China’s grass-
lands. Then the model was applied to data through space and time
to estimate the 8-day and 500-m NEP across the study area.
The final model composed of five committee models. Each com-
mittee model consists of several rule-based models and each model
assigning higher weights to the outliers of the previous model (Xiao
et al., 2008; Zhang et al., 2011). Committee models allow more
complicated models and are beneficial for refining a good initial
model (Zhang et al., 2011). The first model is generally the strongest
model with other models focusing more on the outliers from the
previous models. The PWR  model composed of several commit-
tee models helps make a smooth map  by encouraging variations in
the regression stratification thresholds among various models. The
final prediction was an average estimate from all five committee
models at pixel level.
2.3. Model inputs and prediction
The identified model inputs include remotely sensed NDVI, phe-
nological metrics, climate data sets, and the tower-measured NEP.
The phenological metrics chosen in the PWR  model included day
of year, NDVI value at the start of the growing season, day of the
start of the growing season, and annual maximum NDVI. The 8-day
weather variables included precipitation, temperature, and photo-
synthetically active radiation (PAR).
In this study, we adopted the NDVI data derived from the 500-m
and 8-day composite MODIS products (MOD09A1, collection 5).
Temporal smoothing of the NDVI time series was  performed
using a moving window regression approach (Swets et al., 1999)
to correct short-interval drops in NDVI associated with residual
clouds in some of the 8-day NDVI composites. The phenological
metrics were calculated from the smoothed MODIS NDVI time
series for each year from 2000 to 2010 using the delayed moving
average method (Reed et al., 1994). The daily gridded precipitation,
temperature, and PAR data were acquired from the global Modern
Era Retrospective-Analysis for Research and Applications (MERRA)
reanalysis data set. The MERRA reanalysis data set developed by
NASA’s Global Modeling and Assimilation Office (GMAO) provides
meteorological data with a spatial resolution of 0.5◦ × 0.67◦. MERRA
makes use of observations from NASA’s Earth Observing System
satellites and reduces the uncertainty in precipitation and interan-
nual variability by improving the representation of the water cycle
in the reanalysis (Rienecker et al., 2011). The three daily climatic
variables were averaged into 8-day composites to match the MODIS
NDVI compositing periods. All selected model inputs were resam-
pled to 500-m resolution to match the MODIS NDVI resolution. We
then applied the final PWR  model using all available training data
to estimate and map  8-day and 500-m NEP throughout the growing
season (May–September) for grasslands of northern China.
2.4. Accuracy assessment
We  applied leave-one-out cross-validation (i.e., withholding
sites and years) to evaluate the PWR  model. For withheld sites,
one data subset from one site was  withheld as a testing sample to
assess the accuracy of the model, and the remaining 11 sites were
used as training samples for model development. The model based
on the 11 sites estimated the NEP values for the withheld site. Each
of the 12 sites was  successively withheld and the model was  devel-
oped with the remaining sites. Then, the actual NEP value measured
at one flux tower site was compared to the model-estimated NEP
value using the training data set for all other 11 sites. Similarly, for
the year-withheld cross-validation, each of the 7 years was with-
held successively and then the data from the remaining 6 years
were used to develop the model. The actual NEP value measured
for a given year was  compared to the model-estimated NEP value
using the training data set for all other 6 years. We used Pearson’s
correlation coefficient (r) and root mean square error (RMSE) to
compare the measured and estimated NEP to quantify the model
and map  accuracies.
3. Results
3.1. Model accuracy
We  compared the model-estimated NEP with the tower-
measured NEP. For all sites, the regressions of the tower-measured
and model-estimated NEP in the cross-validation yielded val-
ues of r = 0.97 and RMSE = 0.31 g C m−2 d−1 for the NEP estimation
by withholding site (Fig. 2). For all years, the regression of the
tower-measured and model-estimated NEP in the cross-validation
indicated that r = 0.97 and RMSE = 0.33 g C m−2 d−1 for the NEP esti-
mation by withholding year (scatter plot was similar to Fig. 2). The
tower-measured and model-estimated NEP regression is close to
the 1:1 line, indicating a high precision of the piecewise regres-
sion model estimation. The model performance slightly varied by
site and year (Table 2). The regressions of the tower-measured
and model-estimated NEP in the cross-validation indicated that
r varied between 0.80 and 0.98 and the RMSE ranged from 0.13
to 0.75 g C m−2 d−1 for the NEP estimation by withholding sites,
and r varied between 0.85 and 0.98 and RMSE ranged from 0.12
to 0.55 g C m−2 d−1 for the NEP estimation by withholding years.
After assessing the model performance with the leave-one-out
cross-validation, we  trained the final model using the complete flux
tower data sets. The final model estimated the NEP reasonably well
(r = 0.97, RMSE = 0.33 g C m−2 d−1, p-value < 0.01). By including the
data sets of all 12 sites and all seven years, maximum robustness
in the final model was ensured over a wide range of geographic,
weather, and ecological conditions.
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Table 2
Accuracy of model-estimated NEP for each site and year assessed through leave-one-out cross-validation by withholding site and year.
ID Site name r RMSE (g C m−2 d−1) ID Year r RMSE (g C m−2 d−1)
1 Arou 0.95 0.70 1 2002 0.94 0.31
2  Yuzhong 0.94 0.45 2 2003 0.98 0.19
3  Xinglongshan 0.98 0.40 3 2004 0.97 0.24
4  Qingyang 0.82 0.26 4 2005 0.92 0.12
5  Tongyu 0.96 0.75 5 2006 0.85 0.19
6  Dongsu 0.94 0.38 6 2008 0.97 0.51
7  Du2 0.80 0.22 7 2009 0.97 0.55
8  HaM 0.97 0.26
9  Xfs 0.89 0.19
10  Xi1 0.90 0.19
11  Xi2 0.87 0.20
12  Ku2 0.87 0.13
Fig. 2. Leave-one-out cross-validation of model-estimated NEP by withholding site.
3.2. Source/sink activity of grasslands in northern China
We  mapped carbon fluxes for grasslands in northern China using
our PWR  model. In this study, we focused on flux modeling in the
growing season (May–September). We  calculated the spatial distri-
bution of the growing-season NEP for each year during 2000–2010
from the 8-day NEP estimates and the results are shown in
Fig. 3. Our results showed generally higher grassland NEP at high
latitudes (northeast) than at low latitudes (central and west)
because of different grassland types and environmental condi-
tions. In the northeast, which is dominated by meadow steppes,
the growing season NEP generally reached 200–300 g C m−2.
In the southwest corner of the region, which is partially occu-
pied by alpine meadow systems, the growing season NEP also
reached 200–300 g C m−2. In the central part dominated by typ-
ical steppe communities, the NEP generally varied in the range
100–200 g C m−2 over the growing season. It can be seen that car-
bon uptake in 2004 and 2010 had uniformly high NEP magnitudes
relative to other years. Carbon release during the growing season
was identified in parts of the northeastern and central regions in
some other years.
During the study period, NEP over the growing season ranged
from 129 (2001) to 217 g C m−2 (2010) (Table 3). The multiple year
average growing season NEP over the northern China’s grasslands
was 158 ± 25 g C m−2 during the period 2000–2010. During this
period, the entire northern China’s grassland had the mean carbon
uptake of 126 Tg C over the growing season. Fig. 4 illustrates the
areal distribution of the growing-season NEP during 2000–2010
for the entire grassland area of northern China. Areas of carbon
uptake (from 0 to 300 g C m−2 growing season−1) were larger in
2004 and 2010 with most pixels concentrated at around 200. Areas
of carbon releases (from 0 to −100 g C m−2 growing season−1) were
noticeably larger in 2001 and most pixels were centered around
−120 g C m−2 growing season−1. For the years of 2003 and 2006,
despite high frequencies of carbon release pixels, the large areas
of carbon uptake offset these and resulted in the entire region
having intermediate carbon uptake in both years. The pixels for
2005, 2008, and 2009 were mostly concentrated in carbon uptakes
around 120 g C m−2 growing season−1.
Temporally, most carbon uptake occurred between April and
September with a gradual transition to carbon release presum-
ably after September or October (Fig. 5). Higher NEP occurred
Table 3
Growing-season (May–September) NEP for the northern China grasslands.
Year Growing-season NEP
(g C m−2 growing season−1)
Annual
precipitation (mm)
Growing-season
precipitation (mm)
2000 147 262 194
2001  129 278 211
2002  148 331 244
2003  146 408 312
2004  196 328 263
2005  156 281 227
2006  142 278 227
2007  148 287 212
2008  156 308 235
2009  157 253 190
2010  217 295 214
Mean  ± SD 158 ± 25 300 ± 43 230 ± 34
Note: Positive values indicate carbon uptake and negative values indicate carbon release.
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Fig. 3. Maps of the growing-season NEP over the northern China’s grasslands during 2000–2010. Positive values indicate carbon uptake and negative values indicate carbon
release.
throughout the growing seasons of 2004 and 2010, while lower
NEP occurred throughout the growing season in 2001. The grow-
ing seasons in 2004 and 2010 were longer and with a higher NEP
in August and September than those in other years. In the northern
China’s grasslands, the peak NEP usually occurred in June during
2000–2010. The trajectory of the 8-day NEP for each year showed
that the June NEP was lowest in 2001 and 2007 (1.20 g C m−2 d−1),
while it was highest in 2010 (2.17 g C m−2 d−1). Although the June
NEP was lower in 2006 and 2007, higher values in July and August
compensated for the low carbon uptake in June, resulting in inter-
mediate carbon uptake in both years.
Fig. 6 indicates the mean and standard deviation (SD) of the
growing-season NEP over the grasslands of northern China. Spa-
tially, NEP does not show a distinct gradient in northern China
(Fig. 6a). The mean growing season NEP over northern China ranged
Fig. 4. Areal distribution of the growing-season NEP in the northern China’s grass-
lands during 2000–2010.
from −86 to 672 g C m−2 over an area that represents the extreme
values for the entire region in space. The carbon uptake is notably
higher for northeast of the study area and many pixels there showed
relatively high carbon uptakes.
4. Discussion
4.1. Carbon uptake of grasslands in northern China
The entire northern China’s grassland was an area of net car-
bon uptake for atmospheric CO2 during the growing seasons of
2000–2010 with an average estimated NEP of 158 ± 25 g C m−2
(126 Tg C) (Table 3). Our regional estimate was similar to that from a
study by Ma  et al. (2010) who reported a sink of 135 Tg C yr−1 in typ-
ical steppes of northern China’s grasslands. The inter-annual NEP
Fig. 5. Model-estimated regional mean 8-day NEP for the northern China’s grass-
lands during the growing seasons of 2000–2010.
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Fig. 6. Maps of (a) mean and (b) standard deviation of growing-season NEP over the grasslands of the northern China (2000–2010).
was extremely variable and the growing-season NEP was above
the long-term mean in only 2 of 11 years (18%). Our estimated
NEP ranged from 129 g C m−2 growing season−1 in 2001 to 217 in
2010 (range of 88 g C m−2 growing season−1). In 2004 and 2010,
grasslands showed higher carbon uptake. Our study of the entire
northern China’s grasslands showed a similar trend to an alpine
meadow on the Qinghai–Tibetan Plateau, where a high NEP value
of 192.5 g C m−2 yr−1 in 2004 almost doubled that in 2002 and 2003
(Kato et al., 2006). The large interannual variations are probably
attributable to the sensitivity of grasslands to variation of climatic
conditions and management practices. The higher NEP in 2004 was
possibly related to higher precipitation and lower temperatures
in 2004 that stimulated gross primary production and inhibited
ecosystem respiration during the growing season (Kato et al., 2006).
The length of the growing season may  also play an important role
in seasonal NEP (Kato et al., 2006). The late senescence in 2004 and
2010 increased the growing-season NEP. From our model estimates
(Fig. 5), the growing season length was found to be longer in 2004
than in other years, except 2010, and this finding was  consistent
with site observations (Kato et al., 2006). In 2001, however, the total
carbon uptake was low, as low precipitation in 2001 reduced the
duration and magnitude of NEP. The seasonal maximum NEP in June
2001 was among the lowest (1.31 g C m−2 d−1) of the eleven years,
and the NEP rates remained at extremely low levels throughout the
remainder of July.
Carbon uptake in the northern China’s grasslands was higher
in northeast dominated by meadow steppes and southwest corner
dominated partially by alpine meadows. In the southwest corner,
the NEP was higher largely because of more favorable moisture
conditions at higher elevations (Wang et al., 2010). In 2004 and
2010, most of the southwest corner showed positive NEP with most
areas having growing season NEP values around 200 g C m−2. Car-
bon release was more frequent in the 2000–2003 growing seasons,
especially in the central region. In 2001, a dry year, many areas
released carbon over the growing season with NEP values between
−20 and −30 g C m−2. Although the year 2003 had large areas of
carbon release, they were offset by large areas of carbon uptake in
other parts of the region, primarily in the northeast, resulting in
intermediate region-wide carbon uptake in 2003.
Similar to other temperate grasslands, the CO2 uptake in north-
ern China’s grasslands occurred during April to September. June
was the most active month for carbon uptake in the region, which
is similar to the observations on the Great Plains, where the peak
NEP typically occurred from mid-May to late June (Zhang et al.,
2011). The growing-season NEP in the northern China’s grasslands
was lowest in 2001 and highest in 2010. In the dry year of 2001,
the magnitude of NEP was maintained at low levels and the sea-
sonal maximum NEP was  only 1.31 g C m−2 d−1. In 2010, however,
the NEP was  maintained at high levels throughout the growing sea-
son, reaching its peak of 2.17 g C m−2 d−1 in June. Although the June
NEP was low in both 2006 and 2007, this was partially compen-
sated by higher NEP in July and August, yielding an intermediate
growing-season NEP. In contrast, the high spring carbon flux in
2009 compensated more for the relatively low summer flux in July
and August, resulting in a higher 2009 growing-season uptake.
World grassland flux-tower synthesis estimated the mean
grassland net uptake to be 191 g C m−2 yr−1 for intensively man-
aged grasslands and 70 g C m−2 yr−1 for extensively managed
grasslands (Gilmanov et al., 2010). Considering the winter car-
bon sources, our regional estimate of 158 ± 25 g C m−2 growing
season−1 (from May  to September) indicates that the carbon
uptake capacity of the northern China’s grasslands was  interme-
diate between intensively managed grasslands and extensively
managed grasslands. We also compared our results to other grass-
lands with similar vegetation or climatic conditions. Because of its
arid and semi-arid climate, the NEP of our region was relatively
low when compared to European temperate grasslands. European
temperate grasslands (most sites had annual precipitation greater
than 700 mm)  have been shown to have highly variable NEP from
significant net uptake (>655 g C m−2 yr−1) to significant release (<
−164 g C m−2 yr−1) (Gilmanov et al., 2007). Compared with North
America, our NEP estimate was very similar to that of grasslands
in the U.S. Northern Great Plains (from −146 to 166 g C m−2 yr−1,
Gilmanov et al., 2005), but higher than that for two sage-
brush steppes in the Intermountain West (22 and 69 g C m−2 yr−1,
Gilmanov et al., 2006), and much lower than for North Dakota
grasslands under Conservation Reserve Program (from −366 to
692 g C m−2 growing season−1, Phillips and Beeri, 2008) and for
a warm temperate grassland in the southeastern United States
(from −400 to 800 g C m−2 yr−1, Novick et al., 2004). For temperate
steppe sites in northern China, grasslands showed source activi-
ties with annual NEP values varying from −37 to −68 g C m−2 yr−1
(Wang et al., 2008) and from −107 to −140 g C m−2 yr−1 (Fu et al.,
2009), while a weak sink of 41 g C m−2 yr−1 was reported for cen-
tral Mongolia (Li et al., 2005). For three meadow sites in northeast
of the Qinghai–Tibetan Plateau, the average NEP values were esti-
mated to be carbon sinks of 76.9, 149.4, and 147.6 g C m−2 yr−1
(Zhang et al., 2009). Our regional estimate fell within the range of
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Fig. 7. The relationships between growing season precipitation and NEP over the
grasslands of northern China. The years with a gray circle ( ) in the graphs are those
years that were excluded from the regression analysis due to their extreme values.
the carbon uptakes of the northern Eurasia temperate grasslands
(Gilmanov et al., 2010), but was higher than most of the sites in the
above studies, probably as a result of our growing-season estimate
not including the annual source budget in winter and of a large
diverse study region that includes significant areas of productive
grasslands.
4.2. Sensitivity of northern China’s grasslands to precipitation
and drought
Precipitation is the dominant variable controlling grassland pro-
ductivity (Sala et al., 1988; Knapp and Smith, 2001; Suyker et al.,
2003; Flanagan and Adkinson, 2011), especially in the semi-arid
steppe ecosystems (Fu et al., 2006; Knapp et al., 2008; Chen et al.,
2009a). Site-level studies have shown that the annual amount and
timing of precipitation is the major factor affecting gross primary
productivity and respiration (Xu and Baldocchi, 2004; Jacobs et al.,
2007; Craine et al., 2012), and thus, the NEP in the arid and semi-arid
ecosystems. In our study, we found the northern China’s grasslands
were sensitive to precipitation. The low precipitation during the
growing season in 2000 and 2001 (15.3% and 7.8% lower than the
long-term mean, respectively) caused a reduction in carbon uptake
in 2000 and 2001 (7.2% and 18.5% lower than the long-term mean,
respectively), and higher precipitation in 2003 and 2004 (36.2%
and 14.8% higher, respectively) caused a higher NEP in 2004 (23.8%
higher) (Table 3). Although the precipitation was sufficient in 2003,
the grasslands did not fully recover from drought in the previous
two years.
The relationship between precipitation and NEP reflected direct
effect of soil water availability on plant production in grasslands
(Ma  et al., 2010). However, the responses of grassland to climatic
conditions differed by grassland type (Ma  et al., 2010) and the shape
of the relationship between precipitation and productivity varied
by region (Hu et al., 2007; Guo et al., 2012). To identify the influ-
ence of precipitation on NEP, we calculated the regional means
of growing season precipitation and NEP for each year and then
examined their statistical relationship (Fig. 7). We  observed that
the growing-season precipitation had significant influence on the
NEP for northern China’s grasslands (R2 = 0.35, p-value < 0.1). The
northern China is strongly influenced by the East Asian summer
monsoon, and therefore, most of the annual precipitation falls in
the summer months, especially in July (Wittmer et al., 2010), which
are the critical periods for plant growth. The steep slope implies
that the water use efficiency (NEP/precipitation) could be highly
achieved by plants in northern China’s grasslands.
Droughts contribute to most of the interannual variability in ter-
restrial carbon sequestration (Xu and Baldocchi, 2004) and reduce
the period and magnitude of positive NEP (Svejcar et al., 2008). The
droughts in 2000, 2001, and 2006 caused the carbon release in the
northern China’s grasslands. In 2000, it reduced carbon uptake by
11%, and in 2001, the continuing drought from the previous year
reduced carbon uptake by 29%. The 2000–2001 droughts contin-
ued to affect the ecosystems in 2002 and 2003 (10% and 12% lower
than the long-term mean) and the grasslands did not fully recover
from the previous droughts, although precipitation levels in 2002
and 2003 were both higher than the long-term mean. The 2006
drought combined with the slight drought in 2005 caused a reduc-
tion of carbon uptake of 16% in 2006. Our study further confirmed
that the effect of a drought year may  spread into the following year
due to root turnover (Suyker et al., 2003) or the stimulation of het-
erotrophic respiration of soil biota (Arnone et al., 2008). In addition,
seasonal precipitation may  have some impact on this ecosystem.
It was reported that serious drought struck the Inner Mongolian
steppe from mid-June to August in 2003 (Ma  et al., 2010). We  found
that the NEP in 2003 changed to a lower uptake during the dry
periods in July and August (Fig. 5), which was similar to the find-
ings of Ma  et al. (2010). Therefore, the lower uptake in July and
August contributed to the intermediate region-wide carbon uptake
in 2003, although the uptake prior to June was relatively high.
Although previous studies suggested that grasslands were gen-
erally carbon sinks or near equilibrium, our studies indicated that
it is common for the northern temperate grasslands to switch
between carbon uptake and release, especially when influenced by
extreme climatic conditions (e.g., drought). The magnitude of the
carbon budget variation over a short period could be substantially
overestimated if extreme climatic events are not considered (Xiao
et al., 2009). Our results suggested that productivity reduction in
northern China’s grasslands can be explained by rainfall deficit or
droughts and implied the critical role of precipitation and water
availability in regulating grassland carbon budgets.
4.3. Potential effects of grassland functional types on carbon
uptake
The variation of C3 and C4 components in grasslands is pos-
sibly another potential factor leading to the variability of NEP in
the northern China’s grasslands. Diversity of the plant functional
types increases the ability of grassland to take the advantage of
weather conditions. For example, the C4 species can better toler-
ate environmental stress and are better able to maintain intense
photosynthesis during the growing season (Tieszen et al., 1997;
Wang, 2002). The C4 species will predominate where moisture is
more limited and nutrients are less available (Tieszen et al., 1997).
Therefore, the water use efficiency of C4 plants is higher than that
of C3 plants.
The geographical distribution of C3/C4 grasses in China is not as
distinct as that in the U.S. Great Plains (Yin and Li, 1997). In China,
the C3 plants are the dominant plants in the northern China grass-
lands and the C4 plants are relatively scarce compared to the C3
plants (Han et al., 2006; Su et al., 2011). The C4 grasses are mostly
observed in the low-latitude region of the northern China (Wang
et al., 1997) and the deserts of the northwestern China (Han et al.,
2006; Su et al., 2011), where the C4 plants can tolerate severe
environment stress (Wang, 2002). The C3/C4 proportion affects
the magnitude and seasonal distribution of biomass production
(Wittmer et al., 2010). C3 and C4 grasslands were not explicitly dis-
tinguished in our study because C3/C4 grassland distribution map
is not available yet for northern China. The intensity and capacity
of the carbon cycle in grasslands may  be different due to different
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grass functional types. Climate change (rising temperature, precip-
itation, and CO2 concentration) would change the proportion of
C3/C4 plants, and thus, their ability to act as a carbon sink.
5. Conclusions
In this study, we integrated eleven years of MODIS NDVI and
weather data sets with NEP data from twelve flux tower sites to
develop a piecewise regression tree model for estimating NEP in
the grasslands of northern China. The estimated NEP maps describe
the spatio-temporal variations of NEP and carbon uptake activi-
ties in this area. Compared with previous estimates from global
databases and statistical data, field surveys, and satellite-based sta-
tistical models, our NEP estimates provide an alternative and new
dataset at higher spatial (500-m) and temporal (8-day) resolutions
and can capture changes in NEP induced by extreme events because
the MODIS NDVI dataset provides real-time (8-day) information for
grassland biomass estimations.
The northern China’s grasslands have the potential to sequester
carbon for an extended period. The northern China’s grasslands
showed a net carbon uptake of 158 ± 25 g C m−2 over the grow-
ing season during 2000–2010 with regional average estimates of
126 Tg C. The NEP was highly variable through the study period
and ranged from 129 (2001) to 217 g C m−2 (2010), with higher car-
bon uptake in 2004 and 2010 and lower uptake during 2000–2003
and 2006–2007. The large interannual variations are probably
attributable to the sensitivity of temperate grasslands to climate
change and extreme climatic events. We  observed that the inter-
annual variations of the net growing season carbon uptake in the
northern China’s grasslands were very sensitive to precipitation
and droughts. Low levels of precipitation reduced carbon uptake
and higher levels induced higher NEP. Droughts in 2000, 2001,
and 2006 caused carbon release for the grasslands of northern
China. Although northern temperate grasslands have the poten-
tial to sequester carbon, droughts strongly influenced the carbon
budget and altered the long-term carbon balances across the grass-
lands. If droughts become more frequent, carbon uptake in arid and
semi-arid grasslands will decrease. This study provides insight into
the response of a typical northern temperate grassland ecosystem
to climate change.
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